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ABSTRACT 
In  aldehyde-fixed myocardium,  enzymatic  activity  to  nuclcotidc  substrates  was localized 
to the pinocytic vesicles of blood capillaries with thc clcctron microscope.  No  other struc- 
turcs of the endothelial cell showed activity under the conditions employed.  Thesc findings 
are  discussed  in relation to  reccnt concepts of transport  across  the  capillary wall. 
A  number  of  histochemical  studies  have  es- 
tablished  that  the  nucleotide  substrates,  adeno- 
sinetriphosphate  (ATP),  adenosinediphosphate 
(ADP),  and adenosinemonophosphate (AMP) are 
hydrolyzed in the walls of the small blood vessels 
(1-5).  These  observations,  made  with  the  light 
microscope,  demonstrate  that  enzymatic  activity 
is present in or immediately adjacent to the endo- 
thelial  cells. 
In the present work the fine structural localiza- 
tions of these enzymatic activities were studied in 
the  small  blood  vessels  of  the  rat  myocardium. 
New  techniques  of fixation were  used  and  these 
provided  adequate  preservation  of  tissue  fine 
structure  as  well  as  retention  of  enzymatic  ac- 
tivity,  As  a  result  of  these  experiments  the  sites 
of  these  activities  were  localized  to  pinocytic 
vesicles.  A  preliminary report of these  results ap- 
peared elsewhere (6). 
MATERIALS  AND  METHODS 
Freshly excised rat hearts were cut into small pieces 
(1  to 2  mm  3) and fixed in one of the following fixa- 
tives: 6.5 per cent glutaraldehyde  (7) buffered to pH 
7.4 with 0.1 M cacodylate, 12 per cent hydroxyadipal- 
dehyde  (7)  similarly  buffered,  4  per  cent  formalin 
buffered to pH  7.5 with 0.06 M phosphate and con- 
taining 7.5 per cent sucrose  (8), and  1 per cent buf- 
fered  osmium  tetroxide~containing  sucrose  (9). 
Fixation was carried out in the cold (4°C) for varying 
periods  of time.  Two-hour  fixation  gave  adequate 
preservation of structure  and enzymatic  activity for 
glutaraldehyde  and  hydroxyadipaldehyde  and  10- 
hour  fixation  was  used  for  formalin.  It  should  be 
noted in regard to these fixatives that glutaraldehyde 
gave  the  best  structural  preservation  as  compared 
with  the  other  two  aldehyde  fixatives  and  that 
enzymatic  activity  was  retained  by  all  aldehyde 
fixatives.  Oxmium  tetroxide  was  used  as  a  control 
fixative  which  destroyed  enzymatic  activity  in  10 
minutes. 
After  fixation  the  aldehyde-fixed  tissues  were 
washed and stored in cold 0.05 M tris or cacodylate 
buffer, pH 7.4, containing sucrose for periods ranging 
from  overnight  to  several  days.  After  storage  they 
were incubated either intact or more finely diced in 
the  standard  Wachstein-Meisel  adenosinetriphos- 
phatase  (ATPase)  medium  (10)  (pH  7.1  to  7.2), 
containing  lead  nitrate,  Pb(NO3)2,  as  the  capture 
reagent,  either at room temperature or  at  10°G for 
periods  of  from  15  to  90  minutes.  No  significant 
change  in  pH  was  noted  at  the  completion  of in- 
cubation.  Thin  (15 /~)  and thick  (50 /,)  frozen see- 
tions  of  the  same  fixed  material  were  incubated 
along with the blocks. At various times thin sections 
547 Legends for Figures 
B, basement membrane  M, muscle cell 
E, endothelial cell  R, red blood cell 
J, intercellular junction  v, pinocytic vesicle 
L, lumen 
Although all work was performed on both frozen section and small blocks of tissue, only Fig. 7 is taken 
from the frozen-sectioned material. 
FIGURE  1 
Light photomicrograph of a  frozen section of myoeardium incubated for one hour in ATP-medium. 
The dense reaction product outlines the small blood vessels. X  300. 
were  removed  from  the  incubation  media,  treated 
with  ammonium  sulfide,  (NH4)2S,  to  develop  a 
visible precipitate,  lead sulfide  (PbS),  from the final 
product  lead phosphate,  PbPO,,  and examined with 
the  light  microscope.  When  a  satisfactory  reaction 
was  present  in  the  thin  sections,  the  thick  sections 
and small blocks were  removed from the incubating 
media, washed briefly in buffer, and fixed for 2 hours 
in  cold  buffered  osmium  tetroxide~ontaining 
sucrose  (9).  It  should  be noted  that tissue processed 
for electron microscopy was not treated with  (NH,)2S 
since  the  final  product,  PbPO4,  is  electron-opaque. 
The  same  procedures  were  followed  in  other  ex- 
periments in which only the  ATP  in the incubating 
medium was substituted for  by either  ADP or AMP 
at  the  same  concentrations.  The  controls  consisted 
of  osmium  tetroxide-fixed  tissue  (10  minutes)  in- 
cubated  in  the  complete  medium  with  ATP,  and 
aldehyde-fixed  material  incubated  in  media  from 
which  only  the  substrate  was  lacking. 
Additional  experiments  were  carried  out  at  the 
light  microscope  level  with  other  phosphate  sub- 
strates in an attempt to evaluate the specificity of the 
reaction  with  the  above  nucleotide  substrates.  ~3- 
glyeerophosphate  was  substituted  for  ATP  and  in- 
cubated  under  the same conditions  described  above 
and  phenyl  phosphate  was  incubated  at  pH  7.6 
01). 
After postincnbation fixation with osmium tetrox- 
ide,  the thick frozen sections and the small blocks of 
tissue were  dehydrated  in  a  graded  series of ethanol 
and  embedded  in  Epon  (12).  Thin sections,  cut on 
an  LKB  microtome  and  mounted  on  Formvar- 
coated  grids, were  examined without  any additional 
staining with an RCA EMU  3F electron microscope. 
548  THE  JOURNAL OF  CELL  BIOLOGY • VOLUME 17,  1963 Control preparation.  Electron micrograph of part of a  capillary wall taken from tissue incubated in 
medium without substrate. Numerous vesicles (v)  are present in the cytoplasm of the endothelial cell 
(E).  B  marks the basement membrane and L  the lumen.  X  44,000. 
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Light  Microscopy 
When  rat  myocardium  was  incubated  in  the 
Wachstein-Meisel  medium  with  ATP,  ADP,  or 
AMP  as  substrates,  visible  reaction  product  was 
localized  in  the  small  blood  vessels.  The  pattern 
of the  distribution of the  final  product  outlining 
the blood vessels of myocardium is shown in Fig.  1. 
The  reaction product  appears  to  be  precipitated 
in  and/or  immediately  around  the  blood  vessels. 
The same localization occurred when ATP, ADP, 
or AMP was used as substrate and the incubation 
was carried out in the pH  range 7.1  to  7.2. When 
/3-glycerophosphate  was  used  as  substrate  and 
incubated  in  the  same  pH  range  no  reaction 
product was seen. Similarly when sections of myo- 
cardium were incubated in a  medium  containing 
phenyl phosphate and buffered  at  pH  7.5  to  7.6, 
no reaction product developed in the small blood 
vessels. In addition,  sections of heart muscle fixed 
in  osmium  tetroxide  for  I0  minutes  before  in- 
cubation in the complete medium also showed no 
activity. 
Electron  Microscopy 
Fig.  2  is an electron micrograph of a  part of a 
capillary  wall  which  is  representative of the  ap- 
pearance  of  the  vessels  in  myocardium  fixed  in 
glutaraldehyde,  incubated  in  medium  without 
substrate,  and  refixed  in  osmium  tetroxide.  The 
fine  structures  of  the  endothelial  cells  prepared 
and  treated  in  this  manner  are  similar  to  those 
found  in  tissue  fixed  in  osmium  tetroxide  alone. 
The  pinocytic vesicles were  of particular  interest 
in this study and in control preparations (incuba- 
tion  without  substrate  or  inhibition  of  enzymes 
by  osmium  tetroxide  fixation),  the  vesicles were 
numerous and irregularly distributed. As indicated 
by  other  authors  (13-18),  some  of these  vesicles 
were  direcdy continuous with or abutting on the 
plasma membranes of both the luminal and extra- 
vascular surfaces. The membrane-bounded vesicles 
within  the  cytoplasm  measured  500  to  800  A  in 
diameter  and  occurred  singly  or  occasionally 
agminated.  In  the  latter  case  either  two  vesicles 
were joined  together  or  many  vesicles  formed  a 
rosette  pattern.  No  lead precipitate  occurred in  any 
of the formed elements o] endothelial cells in any of the 
control preparations. 
In  the  glutaraldehyde-fixed  material  the  final 
product  of  the  enzymatic  reaction  was  clearly 
localized  to  the  pinocytic  vesicles  of  the  endo- 
thelium  (Fig.  3).  In  some  instances vesicles were 
filled  with  final  product  and  in  other  cases  the 
reaction product was deposited on or adjacent to 
the inner surface of the vesicle membrane (Figs. 4, 
5).  The plasma membranes of the endothelial cell 
(both luminal and  extravascular)  showed  no  ac- 
tivity when present as a  linear structure. However, 
when vesicle formation was occurring as invagina- 
tions or as indentations of the plasma membranes, 
these sites showed activity (Figs. 4, 5). No reaction 
product occurred  in  the cytoplasm  of endothelial 
cells,  in other cell organelles, at  the sites of inter- 
cellular  junctions  (Fig.  5)  or  in  the  basement 
membrane.  It  should  also  be  noted  that  no  ac- 
tivity was seen on the surface of muscle cells sur- 
rounding  the  capillaries  (Fig.  3),  but  reaction 
product was regularly seen distributed in a  spotty 
fashion on the surface of erythrocytes. 
This  distribution  of reaction  product  was  also 
obtained when  hydroxyadipaldehyde  or  formalin 
was used as the preincubation fixative (Figs. 6,  7). 
In addition  the same  distribution occurred when 
the  aldehyde-fixed  tissue was incubated  either as 
a  thick frozen section  (Fig.  7)  or a  small block. 
DISCUSSION 
The  electron  micrographs  dearly  demonstrate 
that  the  reaction  product  produced  by  the  hy- 
drolysis of nucleoside phosphate is localized within 
vesicles in  the  cytoplasm  of the  endothelial  cells. 
The same localization was found when the  tissue 
FIGURE 3 
Electron mlcrograph of part of a  capillary wall taken from glutaraldehyde-fixcd ma- 
terial incubated with ATPase medium for  1 hour. The dense reaction product is con- 
fined entirely to small localized sites in the cytoplasm of the endothelial cell (E).  Part 
of a muscle cell is seen at the right (M).  X  39,000. The sites of deposition (outlined by 
brackets)  are  seen  at  higher magnification  in  inset.  Final  product  of histochemical 
reaction is entirely confined within the membrane lined vesicles.  X  75,000. 
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adipaldehyde,  or  formol-phosphate-sucrose. 
Since  there  are  sound  theoretical  objections 
concerning  the  localization  of enzymatic  activity 
in  tissue  incubated  in  block  form  (19,  20),  the 
reactions  were  also  carried  out  on  fixed  frozen 
sections.  Under  these  conditions  the  reaction 
product  was  localized  to  the  same  sites  found 
within the  tissue  blocks.  It should  be emphasized 
that  the  use  of frozen  sections  resulted  in  both 
poorer  structural  preservation  of  the  tissue  and 
apparently  greater  enzymatic  activity.  In  this 
study the frozen sections served the useful purpose 
of corroborating the localization of activity in the 
better preserved blocks of tissue. 
The evidence presented suggests that the vesicles 
of endothelial cells contain an enzyme(s)  capable 
of :hydrolyzing  the  adenine  nucleotides,  ATP, 
ADP,  and  AMP.  In  the  present  study  we  have 
not  yet  determined  whether  this  activity  is  due 
to  the  presence  of  "specific"  nucleotidases,  e.g. 
ATPase  or  5~-nucleotidase,  or  to  a  non-specific 
phosphatase, x  However,  no  activity  was  found 
when  the  phosphatase  substrates,  /3-glycerophos- 
phate or phenyl phosphate,  were incubated under 
the  same  conditions  for  incubation  of  the  nu- 
cleotides.  This  suggests  that  the hydrolysis of the 
nucleotides  is  probably  not  due  to  the  action  of 
the  non-specific  alkaline  phosphatase,  although 
the possibility cannot be excluded.  In this regard 
Novikoff,  Hausman,  and  Podber  (21)  suggested 
1 It is  well known  that  when  B-glycerophosphate or 
phenyl phosphate are used as substrates for the dem- 
onstration of alkaline phosphatase  (pI-I 9.1),  activity 
can  be  localized  to  the  blood  capillaries  with  the 
light microscope. We confirmed this localization for 
myocardial capillaries. 
that  the  enzyme  activity  demonstrated  by  the 
Wachstein-Meisel  technique  with  ATP  as  sub- 
strate is most likely a  specific ATPase rather  than 
a  non-specific phosphatase.  Further characteriza- 
tion  of  the  enzymes  associated  with  myocardial 
capillaries is in progress. 
The  absence  of  reaction  product  in  other  or- 
ganelles  of  the  endothelial  cells  should  not  be 
taken as sufficient evidence that similar enzymatic 
activity is absent  from  these sites.  The  possibility 
is  strong  that  some  enzymes  (e.g.  mitochondrial 
ATPase)  were  selectively  inhibited  by  fixation. 
In  addition,  capillaries  in  different  tissues  may 
show different enzymatic activities and/or  differ- 
ent fine structural localization of activity (22,  23). 
It has  been found  that  vesicles in  cerebral  capil- 
laries do not show nucleoside phosphatase  activity 
but  this  activity  was  localized  to  the  basement 
membrane  of these capillaries and  in  the  plasma 
membrane  of  glial  end-feet  abutting  on  these 
vessels  (23).  It  is  also  probable  that  the  vesicles 
of heart capillaries have other enzymes in addition 
to  those  demonstrated  here. 
The findings of enzymatic activity in the vesicles 
of endothelial  cells offers  interesting  correlations 
with  recent  studies  on  the  physiological function 
of these  structures.  Palade  (13)  was  the  first  to 
describe the existence of vesicles in the cytoplasm 
of endothelial  cells of capillaries as  seen with the 
electron  microscope,  and  he  suggested  that  the 
vesicles might play a  role in  the transport  of ma- 
terials across the capillary wall  (13,  14,  17).  This 
suggestion  was  augmented  by  Bennett  and  his 
coworkers  (16,  24) and others  (15,  25). 
A  number  of attempts  to  demonstrate  experi- 
mentally that  the vesicles of endothelial cells were 
active in  the  transport  of colloidal particles were 
Fiouav, 4 
Part of the endothelial cell seen in Fig. 3. Numerous vesicles (v) with reaction product 
are open to the extravascnlar side of the endothelial cell but  no reaction product  is 
seen on  the plasma  membranes  where  vesicular indentations  do  not occur.  The  re- 
action product is localized on the inner surface of the membrane and inside the vesicles 
(arrows).  No  reaction  product  is  seen  in  the  basement  membrane.  (B).  X  83,000. 
Fiovr~ 5 
Part  of the wall of a  small glutaraldehyde-fixed capillary incubated  for ATPase ac- 
tivity. No reaction  product is  seen at  the site of the  intercellular junction (J).  Final 
product occurs in  relation to  only pin0cytic vesicles or indentations. R is part of a red 
blood cell in the lumen showing spotty  localization of final product  on  the surface. 
X  92,000. 
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LOw magnification electron micrograph taken from tissue fixed in hydroxyadipaldehyde and incu- 
bated with ATP for l~  hours. The same punctate pattern of reaction product is confined to the endo- 
thelial  cell  (E)  of a  small  blood  vessel.  X  18,000. 
FIGURE  7 
Electron micrograph of part of a capillary wall from tissue fixed in formol-phosphate-sucrose and in- 
cubated as a  50#  frozen section in ATP medium for 40 minutes. The reaction product is localized in 
areas that correspond to the vesicles of endothelial cells (E) though no limiting membrane is apparent 
surrounding the final product.  X  56,000. 
reported  (26-28).  These results suggested that the 
vesicles  were  involved  in  the  transport  process, 
but  the observations related  primarily  to  particle 
uptake  by the vesicles and  not to  transport across 
the cell (29). 
Recently  this  problem  was  investigated  using 
the  perfused  heart  preparation  (30),  and  under 
these  conditions  colloidal  particles  were  trans- 
ported  across  the capillary  walls within  the  cyto- 
plasmic vesicles. 
By  analogy  to  the  phenomenon  of  pinocytosis 
described  first by Lewis  (31),  these vesicles in the 
endothelial  cells  (and  those  in other  cell  types  as 
well)  have been called  pinocytic vesicles although 
it appears  that their principal function may be to 
transport  materials  across  the  endothelial  cell 
rather  than  to  incorporate  substances within  the 
cell. 
Now  it  is  clear  that  the  pinocytic  vesicles  of 
endothelial cells contain enzymes which are active 
towards  nucleotide  substrates including ATP  and 
the  evidence  is  suggestive  that  this  enzymatic 
activity  is  present  in  or  on  the  membranes  that 
make  up  the  vesicles.  Other  investigators  have 
described  the  localization  of  an  ATPase  on  the 
cell  membranes  of hepatic  cells  (22)  and  kidney 
tubules  (2)  using  histochemical  techniques,  and 
more  recently  it  has  been  shown  that  ATPase 
activity  is  present  in  cell  membrane  fractions  as 
assayed  biochemically  (32-34).  ~Ihere  is  also  a 
considerable body of evidence which suggests that 
an  ATPase  may  play  a  role  in  the  transport  of 
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of tissues (35-44). 
It  seems  likely  that  the  enzymatic  activity  in 
the vesicles of endothelial cells plays a  specific role 
in  the  transport  function  of  these  structures. 
Whether  this  occurs  through  the  activation  or 
synthesis  of vesicle membrane  (39,  40)  with  the 
participation  of  an  ATP/ATPase  energy-pro- 
ducing  system  or  through  some  other  parameter 
remains  to  be  determined.  However,  it  may  be 
significant  that  the  surface  membrane  of  endo- 
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